Nomenclature
C D
= drag coefficient D = drag force S = cross-sectional area of the truck k = turbulent kinetic energy ω = specific dissipation rate δ = boundary layer thickness δ* = displacement thickness θ = momentum thickness ρ = density . Drag reduction techniques such as cab side-extenders and cab roof air deflectors are all commonly found on today's tractor-trailers and have resulted in wind-averaged drag coefficient reductions of up to 0.25 from the baseline value which is near unity. More advanced techniques such as tractor-trailer gap seals and trailer side skirts are less commonly seen on U.S. highways, but also can provide significant drag reduction. The remaining region where almost no drag reduction devices are found in use is the trailer base (immediately behind the trailer). This region is not aerodynamically efficient as compared to typical aerodynamic shapes (airfoils, tear drop shapes, etc.). Storms et al. 5 have shown experimentally that adding boat-tail plates or base flaps can further reduce the wind-averaged drag coefficient by 0.06; however, these add-on devices for the base region are not optimized configurations.
I. Introduction
One way to optimize the drag reduction devices is to use CFD within some type of optimization strategy. This approach requires that the CFD tool be able to accurately predict the drag, or at least accurately predict the trends in the drag as the device is changed. The turbulence modeling approach that has the potential to produce the rapid turnaround time for drag reduction predictions is RANS, probably with wall functions used to alleviate the extremely fine wall spacing associated with integration of the turbulence modeling equations to the wall. The RANS turbulence modeling approach has been shown to accurately predict the drag for baseline configurations (i.e., without add-on base drag reduction devices); however, the details of the time averaged vortical structures and base pressure are very different from those found in experiment. 6 Because the details of the time-averaged flow are not correct, it is unclear whether RANS methods will accurately predict drag or even drag trends when drag reduction devices are included. More sophisticated turbulence modeling approaches such as LES do appear to more accurately capture the details of the flow, 10 but will be much too expensive to use as the primary aerodynamic prediction tool in a drag optimization strategy.
There are a number of open questions related to aerodynamic drag on tractor-trailers. For example, it is not clear what the theoretical minimum drag coefficient is for a tractor-trailer. Standard aerodynamics packages found on U.S. trucks have a wind-averaged drag coefficient of ~0.7, while Ref. 3 indicates that additional proven technologies can further reduce this drag coefficient to ~0.55. Typical drag coefficients for airfoils can be as low as 0.01, suggesting drag coefficients for trucks still have significant room for improvement. The most sophisticated modeling approach amenable to a design optimization process requiring a large number of solutions is the steady-state RANS approach. However, the ability of RANS methods to accurately predict drag and/or drag trends has not been proven. Furthermore, it is unclear if add-on drag reduction devices can be designed on simpler shapes than full-blown tractor-trailers. Finally, even if significant advances are made in aerodynamic drag reduction, how can we ensure that the resulting designs will be cost effective and see wide-spread use by the trucking industry?
II. Program Overview
Our current research efforts on tractor-trailer aerodynamics are funded by the U.S. Department of Transportation and focus both on reducing fuel consumption (as discussed in detail above) and improving highway safety. Tractortrailers can produce locally strong unsteady wind conditions that can be hazardous to smaller vehicles. The ultimate goal of this program is to use optimization methods to design add-on devices which reduce aerodynamic drag while at the same time reduce the large-scale fluctuation intensity in the vehicle wake. With increases in computing power, it is now becoming possible to use CFD as the aerodynamic prediction tool in a design optimization process. Part of our current research program is to demonstrate this CFD-based optimization capability. 11 The other aspect of current program is to examine the validity of RANS-based turbulence models for predicting drag (or drag trends) for tractortrailers with add-on drag reduction devices. This aspect of the program includes both wind tunnel experiments and CFD analysis of simplified tractor-trailer geometry, and is the subject of the current paper.
III. Experimental Facilities
Tests were conducted in the Auburn University 3ft x 4ft test section closed circuit wind tunnel at a speed of 186 ft/sec. Prior to the tests, flow angularity in the entrance plane was measured with the help of a 5-hole probe. Presence of flow angularity due to asymmetric wind tunnel contraction as predicted by the computations was confirmed by the measurements. A flow angularity of 5 degrees along the side wall was measured. Mean flow along the tunnel centerline and the region where truck model was positioned did not exhibit any significant flow angularity. Boundary layer profiles were measured at three axial locations on the tunnel floor. At the entrance to the test section where the model nose was located, the boundary layer exhibited transitional characteristics as the flow was not tripped for forced transition. However, measurements at downstream stations showed fully turbulent profiles. Integral quantities calculated from the boundary layer profiles yielded a displacement thickness of 0.25 inches and a momentum thickness of 0.19 inches at the last measurement station. Reynolds numbers for the test based on model width were 1 million. Tunnel blockage of 8% was calculated; however, no blockage corrections were applied since these results will be used for CFD validation. Tests were conducted in the Auburn University 3ft x 4ft test section closed circuit wind tunnel capable of producing a maximum speed of 200 ft/sec. The schematics of the truck in the wind tunnel are shown in Fig. 1 . 
IV. Simplified Tractor/Trailer Geometry
The simplified Tractor/Trailer geometry was based on the Modified Ground transportation System (MGTS) geometry developed by Hammache and Browand. 12 This simplified truck consists of two parts, the tractor with forward corners rounded to prevent flow separation and a rectangular trailer. For the computational simulations both the tractor and trailer are modeled together. The geometry of the simplified Tractor/Trailer which will be used for computational simulations is shown in Fig. 3 . The width of the trailer is 10 inches and the height to width ratio is 1.392. Two different length trailers, with a length to width ratio of 3.4 and 4.9, are considered. The target conditions are at Reynolds numbers greater than 1 million based on the trailer width since the drag calculations and wake properties are independent of Reynolds number in this range. 
A. Mesh Generation
The Gridgen 15 grid generation tool is used for meshing the simplified tractor/trailer geometry and the empty wind tunnel. The wind tunnel surface data was found by taking measurements of the Auburn University wind tunnel.
The surface definition is imported in Gridgen. The test section of the wind tunnel where the truck is placed has a length of 65 inches in the axial direction and width and height of 51.25 and 36 inches, respectively. The vanes which are present in the wind tunnel for diverting the flow in the axial direction are not considered in the computational model of the wind tunnel. The vanes are replaced by a flat surface which is at a 45° angle with the axial flow direction. This surface is considered as the velocity inlet during computations, and the axial component of velocity on this boundary is defined by keeping the other two components zero. The geometry of the wind tunnel modeled with the top section cut in the horizontal plane is shown in Fig. 4 . 
B. Discretization
The steady-state RANS simulations are conducted on the empty wind tunnel geometry using Fluent. 16 A segregated solver is used for the computations which employs a cell-centered finite volume method. A second-order upwind discretization is used for the momentum equation and a first order upwind discretization is used for turbulent kinetic energy and specific dissipation rate 16 . The solver settings applied in Fluent for the simulations of empty wind tunnel are tabulated in Table 1 . 
C. Boundary conditions
In the case of the empty wind tunnel, the velocities are close to Mach 0.1 and as there is not much variation in the temperatures in the wind tunnel, the flow is considered incompressible during the simulations. At the inlet, a constant stream-wise velocity boundary condition is applied. The velocity in the stream-wise direction is set to 9.1 m/s and the velocities in the other two directions are set to zero. The outlet boundary condition is set to constant pressure which is atmospheric and a gauge pressure of zero is applied. The tunnel walls are defined as stationary no-slip walls. The boundary conditions during the simulations are applied such that the conditions match the empty wind tunnel experiments conducted at Auburn University.
The turbulence model used is the standard Wilcox 1998 k-ω, two equation model. 18 The free stream turbulence parameters, k and ω are calculated using the formulae from Ref. 17 . To determine these parameters, a turbulent intensity of 5% and the ratio of turbulent to laminar viscosity equal to 10 are considered. The turbulence parameters are calculated based on the average velocity in the test section of the wind tunnel.
D. Iterative convergence
The convergence of the simulations is said to be achieved when all the residuals reach the required convergence criteria. These convergence criteria are found by monitoring the percentage error in the drag. When the error in the drag becomes lower than 0.01%, then the required convergence levels are set. The convergence criterion for the continuity equation is 5E-6 and it is set to 1E-6 for the momentum, k and ω equations. The convergence of the residuals is shown in Fig. 5 . 
VI. Results
Results from the 3D computational simulations on the empty wind tunnel for the two different meshes were obtained. Experiments were also carried out on the Auburn University wind tunnel to compare the results with the numerical predictions from the computational simulations. The empty wind tunnel results consisted of the measurements of flow angularity and the boundary layer properties. Some preliminary experiments were also conducted with the tractor/trailer model in the wind tunnel and the observations made are discussed in this section.
E. Empty Tunnel Simulations
The wind tunnel consisted of a 3ft x 4ft test section which has a length of 65 inches. The upstream region of the test section gradually changes from a rectangular cross-section to a circular cross-section as we move away from the test section. The downstream region of the test section has a gap that is opened to atmosphere. The conditions for the simulations closely matched the experimental conditions. The computational results of the empty wind tunnel are compared with the experimental results for validation.
Computational Predictions
A velocity of 9.1 m/s is used at the inlet to achieve an approximate average velocity of 56 m/s in the wind tunnel test section. The velocity achieved is close to the velocity measured during the experiments. The contour plots of the three components of velocity are plotted at the beginning of the test section to study the flow characteristics as the flow enters the test section. The contour plots of the three components of velocity are shown in Fig. 6, Fig. 7 , and 
Contour plot of Z-velocity at the beginning of the test section

Figure 8. Contour plot of z-velocity at the beginning of the test section
It is desirable to know the boundary layer height on the floor of the test section to determine the position of the truck relative to the test section floor. In the case of the truck on road, there will be no boundary layer developed on the road. In the computational simulations and the experiments, a moving ground plane is not employed. Considering the boundary layer developed on the floor of the test section and the bottom side of the truck, a certain distance needs to be maintained between the truck bottom surface and the floor of the test section such that the boundary layers will not merge. The merging of the boundary layers leads to fully developed flow under the truck and can affect the wake structure behind the truck. Empty wind tunnel simulations are carried out to find the boundary layer height from the test section floor. The boundary layer height on the floor at the beginning of the test section i.e. the front end of the truck, the end of the tractor and the end of the trailer are reported. To maintain consistency with the experimental measurements, the boundary layer height is considered to be the height where the velocity reaches 95 percent of the edge velocity. At the beginning of the test section the boundary layer height is predicted to be 0.3 inches. At 20 inches from the beginning of the test section where the tractor part of the geometry ends, the boundary layer height is 0.54 inches, and it is close to 0.9 inches at a distance of 54 inches from the beginning of the test section, where the trailer ends. The velocity profiles in the boundary region at these cross sections are compared with the experimental data and are shown in Fig. 9, Fig. 10, and Fig. 11 . Table 2 . The flow angularity in the empty wind tunnel at the beginning of the test section predicted using the computational simulation is compared with the experimental measurements to validate the computational code. The contours plot of flow angularity at the beginning of the test section is shown in Fig. 12 . The contour plot shows that the variation in the flow angularity is small at the center in major part of the flow. The variation is -1 to 2 degrees in major part of the flow. The flow angularity reaches close to 5 degrees at the top-left and bottom-left corners. Table 2 .
The numerical results of the boundary layer properties, for the coarse and fine meshes closely match with each other, but predict smaller properties than those seen in the experiment. The reason for the deviation is currently under investigation. The flow angularity measurements from the experiments are compared with the predicted numerical data at the beginning of the test section. The predictions along the vertical cross-section, 6 inches to the left from the center, at the center and 6 inches to the right from the center are compared with the experimental data, and are shown in Fig.  13 , Fig. 14 and Fig. 15 , respectively. The experimental data have error bars of ± 2.5 degrees because of the type of equipment used for measurements. Flow visualization results presented in Fig. 16a show the front view of the truck. Trajectory of the limiting streamlines suggested a symmetric flow pattern moving outward from the center of the model. As the flow accelerates past the corner, it undergoes laminar separation that is followed by turbulent reattachment. A band of accumulated dye near the front end of the model is indicative of a laminar separation bubble. The bubble faded and merged with the oncoming flow near the model top where the turning of streamlines was more gradual. The flow was also observed to have a slightly downward trend on the side walls of the truck as shown in Fig. 16b , which is attributed to the relaxation of the flow from the curvature encountered in the lower region.
The flow on the top of the model was observed to be smooth and uniform as shown in Fig 16c. With the addition of the trailer, trends observed remained unchanged. It may be noted that flow patterns are likely to be different when the boundary layer is force to become turbulent (to be tested in the future). 
VII. Conclusions
RANS simulations were performed on the empty wind tunnel geometry. The boundary layer height in the wind tunnel test section is calculated to determine the position of the truck geometry relative to the test section floor. The boundary layer properties on the floor along the test section length and the flow angularity at the beginning of the test section are predicted and compared with the experiments carried out at Auburn University for validation. The boundary layer properties calculated from the experiments are higher than the computational predictions. After the calculation of the boundary layer height from the test section floor, the tractor/trailer geometry is placed at a height of 2 inches from the test section floor.
Some preliminary experiments were conducted on the simplified tractor/trailer geometry placed in the wind tunnel with flow visualization results being presented. A symmetric flow pattern moving outward from the center of the model is observed on the front side of the tractor. As the flow accelerates past the corner, it is observed that the flow undergoes laminar separation followed by a turbulent reattachment. Flow on the top of the tractor and also the trailer was observed to be smooth. Future plans include RANS simulations on the simplified tractor/trailer geometry positioned in the wind tunnel and the results will be compared with the experimental results.
